The Quaternary fossil record of Águas de Araxá (QAA) is represented mainly by an accumulation of skeletal elements of several sizes, which are assigned to a population of Stegomastodon waringi. We analyzed 97 molars according to the wear stages of Simpson and Paula-Couto (1957) , and developed a morphometric wear index. The population structure (proportion of immature, subadult, adult, mature adult and senile adult individuals) was identified, and these five age classes were compared to those of extant elephant populations and defined with social implications. The analysis made possible to establish that the population is largely composed of adults: 14.89% are immature individuals, 23.04% subadults, 27.65% adults, 17.21% mature adults and another 17.21% senile adults. Based on population structure, we do not discard the possibility that the fossil population was stable or in recovery, and/or was experiencing a high-predation period on younger individuals. The number of individuals composing the past population studied here could suggest that the occupied environment was open due to comparisons to populations of extant elephants. We consider this population as an aggregation of family units, which suggests a time of low environmental humidity. Based on literature and our findings, their extinction appears to be regional and probably related to a catastrophic event.
INTRODUCTION
The Great American Biotic Interchange (GABI) is one of the most important evolutionary events in South American mammalian history. Most of the South American mammalian extant fauna (more than 60%) had their origin in North America. However, some of the northern immigrants also became extinct at the end of Pleistocene. One of these groups is the Proboscidea of the family Gomphotheriidae, commonly known as mastodons. They were represented during the Pleistocene in South America by two genera, Cuvieronius and Stegomastodon. In Brazil, the only recognized species teristic difference between Pleistocene mastodons and Elephantidae is that the latter displays bunodont molars, which is considered a proboscidean plesiomorphic feature.
The proboscidean dentition is highly specialized and consists of a pair of tusks (incisors) and six cheek teeth in each half of the jaw. Furthermore, the mastodon S. waringi bears bunolophodont, trilophodont or polilophodont molars with relatively low crowns (PaulaCouto 1979) . The S. waringi dental formula is I 1/0, C 0/0, M 6/6, like extant elephants, although only the fourth (M 1 1 ), fifth (M 2 2 ), and sixth (M 3 3 ) molariform teeth are considered true molars (Simpson and Paula-Couto 1957, Paula-Couto 1979) . The deciduous dentition is formed by the first three molars, the first tooth being bilophodont, while the second and the third ones are trilophodont. Each subsequent molar tends to be larger and to have a more complex crown surface than the previous tooth (Mothé and Avilla 2008) . As they wear down, they display depressions in a clover-like format (Paula-Couto 1979 , Prado et al. 2001 , Alberdi et al. 2007 , Mothé and Avilla 2008 . Asher and Lehmann (2008) suggest that many similarities are shared by Afrotherian mammals (Proboscidea, Sirenia, Hyracoidea, Tubulidentata, Macroscelididae, Tenrecidae and Chrysochloridae) mainly concerning the pattern of dental ontogeny and replacement. Especially in proboscideans, molar eruption occurs in the horizontal direction, from the rear to the front of the jaw. In general, only a single tooth or one tooth plus a part of another one are in use in each half jaw at the same time. The molar becomes severely worn during the period of usage and, as a new molar is formed, it gradually moves forward and replaces the worn tooth in use (Johnson and Buss 1965 , Peyer 1968 , Aguirre 1969 , Maglio 1972 , Shoshani 1998 , Vaughan et al. 2000 , Prothero and Schoch 2002 .
The Águas de Araxá Pleistocene fossiliferous assemblage is unique in several aspects: no other South American Pleistocene deposit presents a concentration of numerous dental and skeletal fragments in various sizes representing different bones of gomphotheres. Although other mammals were recorded (e.g., equids, macrauchenids, megatheriids), the largest number of identifiable elements was unquestionably from S. waringi. The uniqueness of this deposit drew the attention of Simpson and Paula-Couto (1957) , who recognized the mastodon assemblage from Araxá as a single population. Thus, based on the proboscidean horizontal tooth replacement, we conducted a dental wear-based study of this population and recognized six tooth wear classes. Wear-lacking teeth and completely worn ones were considered as representing extremity classes. However, the authors used subjective criteria to define intermediate classes (Simpson and Paula-Couto 1957, Table  I ). Therefore, we reviewed here the wear-based classes proposed by Simpson and Paula-Couto (1957) , inferring an age-sequence in order to recognize the population structure of Stegomastodon waringi from the Pleistocene of Águas de Araxá.
STUDY AREA AND GEOLOGY
The Araxá mastodons were discovered during the development of the mineral springs at Águas de Araxá (19 • 25 53 19 • 50 09 S and 46 • 44 27 47 • 13 38 W), a few kilometers away from the municipality of Araxá (Fig. 1) .
The S. waringi fossils were found in a pothole, in a deposition area of a Pleistocene stream. After its original formation, the pothole was filled with sediments and fossils, and two layers formed. The material from the deeper deposits was poorly sorted and included most of the bones and also rounded boulders up to 30 cm. Towards the top, sorting became greater and the sediments finer, and the bones from this part were more fragmentary and water-worn. The upper layer sediments, with well-rounded pebbles and many worn bone fragments, were later cemented by iron oxide, forming a hard covering that preserved the deposit. The coarse lower part of the pothole filling, with the well-preserved bones and teeth, was probably deposited by fast-flowing water, with rapid filling. The most probable interpretation is that the bones washed into the pothole by freshets represented animals that were contemporaneous (Price 1944, Simpson and Paula-Couto 1957) .
MATERIALS AND METHODS
The dental specimens evaluated here with the morphometric wear index are housed at the mammalian fossil collection of the Departamento Nacional de Produção Mineral, Rio de Janeiro, Brazil (specimen's sample code:
POPULATION STRUCTURE OF THE BRAZILIAN GOMPHOTHERE Except for the specimens from the AMNH and the ones in situ at Araxá -that were analyzed based on the wear stages proposed by Simpson and Paula-Couto 1957 -we measured in each molar (in millimeters) the greatest height of the crown in the labial and lingual faces at the metaloph(id) and tritoloph(id), as well as the greatest width of the depression resulting from wear in each loph(id), i.e., the area with exposed dentine (Fig. 2) . On the proboscideans wear pattern, lingual cusps become worn faster than labial cusps on upper teeth, while on lower teeth the labial cusps become worn faster than lingual cusps (Maglio 1972) . Thus, the average between the cusps measurements (crown height and width of area with exposed dentine in each cusp) demands to establish a balance among the differences caused by the teeth wear. We developed a morphometric wear index relating the average of the ratios between the height of the metaloph(id) and tritoloph(id) cusps to the depression width of each one (cusp height/depression width). Subsequently, we built scatterplots for each molar type, in which the metaloph(id) morphometric indexes are plotted in the Y axis and the tritoloph(id) indexes in the X axis. The fragmented specimens, which are the molars from the AMNH and the in situ ones, and teeth representing the extremities of wear classes in Simpson and Paula-Couto (1957) (i.e., when depressions in unworn teeth were absent, and when there was no cusp definition in completely worn teeth) were not included in the morphometric analysis. However, we could infer a wear stage and an age group for these molars, through pictures on the study of Simpson and Paula-Couto (1957) .
Extant elephant tooth-based age definition studies formed the basis for the recognition of age classes in the S. waringi population from Águas de Araxá (Perry 1953 , Laws 1966 , Krumrey and Buss 1968 , Laursen and Bekoff 1978 , Roth and Shoshani 1988 , Froehlich and Kalb 1995 , Moss 1996 . Therefore, the population structure (the proportion of immature, subadult, adult, mature adult and senile adult individuals) was identified and compared to extant elephant populations.
To infer ages for the mastodons from Águas de Araxá, we used the teeth usage intervals suggested by Moss (1996) because they include the main use periods that were proposed and do not suggest dubious intervals of use, compared to other studies (Laws 1966 , Laursen and Bekoff 1978 , Roth and Shoshani 1988 , Froehlich and Kalb 1995 . For example, Laursen and Bekoff (1978) suggest the second molar without a sole period of use in the jaw or mandible. On the other hand, Moss (1996) suggests the eruption of the Dp2/DP2, Dp3/DP3 and Dp4/DP4 happens at about zero, six months and one year of age, and their loss at about one, seven and eleven years, respectively, while the first, second and third permanent molars appear in the mouth about ten, fourteen and twenty eight years, and their loss happens at about twenty two, forty years and in the end of life, respectively. Therefore, the age groups used to the molar classification of the mastodons from Águas de Araxá were based on the intervals of use also proposed by this author.
Even if we had applied other use intervals, as suggested by Roth and Shoshani (1988) , the molars corresponding age would be close or equal to those here established. It can be explained by the proposed ages are being always in the nearest age group, although they diverge on the exactly same age for eruption and loss of each molar. Through the comparison to extant elephant populations, we used the age classes proposed by Haynes (1991): immature (0-12 years old), subadult (13-24 years), adult (25-36 years), mature adult (37-48 years) and senile adult (49-60 years).
Concerning the age classes here recognized, the immature individuals are those with no reproductive development; subadults those that could biologically reproduce but were not yet doing so; adults the reproduc-POPULATION STRUCTURE OF THE BRAZILIAN GOMPHOTHERE tively active animals; and the mature adults those with less reproductive activity. The latter class includes individuals that are past their prime in reproductive activity, as seen with extant elephants from the age of about 50 years and on (Haynes 1991 , Owen-Smith 2000 . Moreover, in this group are placed the socially well-positioned individuals, i.e., the dominant males and the matriarchs of the herd. Therefore, our classes are defined with social, behavioral and biological implications.
The individuals counting was done following the MNI index (minimum number of individuals), in which the number of individuals of an assemblage is determined based upon counts of the most abundant element present in one side of the body, like right mandible, or upon counts determined by joint consideration of the skeletal parts represented by: size, age and wear stage (Badgley 1986, Marshall and Pilgram 1993) .
RESULTS
We observed that the more the molar is worn, the lower is its height and the greater is the width of the depression in each loph(id). Based on the results of scatterplots, the molars are distributed according to the morphometric index values: teeth with the highest values are plotted far from zero in the X and Y axes, and correspond to the less worn molars. On the other hand, teeth with lower values are placed closer to zero in both axes, and are the molars with more wear. Teeth from the intermediate classes are distributed in a gradient of morphologic index values, showing different degrees of wear.
Only one specimen of Dp3 was recognized, and it was totally worn (DGM 67M, Fig. 3A ). Only one specimen of Dp4 was found, and it was not worn (DGM 752M, Fig. 3B ). Every specimen of DP4 was in the intermediate classes (Fig. 3C, right tooth) , i.e. there are not DP4 specimens without wear or totally worn. Three first molar (M1 and m1) specimens showed dental crown without wear and were included in the no-wear class. In the intermediate classes, 10 first molars showed the metaloph(id) more worn than the tritoloph(id) (Fig. 3C , left tooth, and D), and two first molar specimens were in the total wear stage. Considering the second molars (M2 and m2), five specimens were observed with no wear, and 22 were located in the intermediate classes ( Fig. 3E and F) . Three lower second molars have a completely obliterated crown and were placed in the total wear class. There is no specimen of second upper molar with total wear. Six specimens of third molar (M3 and m3) presented no wear on the cusps. In the intermediate classes, 23 teeth were found ( Fig. 3G and  H) . Two teeth showed unusual wear (DGM 138M and DGM 60M B), i.e., the indexes values were very contradictory among themselves. Five specimens of third molar were in total wear.
Thus, among the 97 analyzed specimens, the minimum number of individuals found is 47. To find this number, the specimens were grouped according to the type of molar, the similar position in the mouth (if the tooth is left or right and upper or lower) and the wear stage (Figs. 4 and 5) .
Considering the age classes identified here (see Fig. 6 ), we suggest that the Quaternary mastodon population from Águas de Araxá is composed of 14.89% immature individuals (0-12 years), 23.04% subadults (13-24 years), 27.65% adults (25-36 years), and has an equal number of mature adults (37-48 years) and senile adults (49-60 years or more): 17.21%. We draw attention to the elevated percentage of older adults (above 37 years old), which indicates a high longevity rate recorded for this population (Fig. 6 ).
DISCUSSION
The molars with complete crowns present little or no wear, while the teeth with an obliterated crown show wear in some level. As seen before in the graphs, as distance increases from both axes, the tooth is less worn. Consequently, the molars with the greatest wear are near to the axis origin, with low index values. Since the crown wear increases with tooth usage, when comparing two molars of the same type, the oldest individual molar will be the one with the most worn cusps. Thus, the molars farther from the zeros are related to the younger individuals within the group.
Several studies of extant proboscideans (Loxodonta africana and Elephas maximus) use dental wear for age determination, as well as correlation of body dimensions (Perry 1953 , Johnson and Buss 1965 , Laws 1966 , Krumrey and Buss 1968 , Laursen and Bekoff 1978 , Roth and Shoshani 1988 , Froehlich and Kalb 1995 . However, there are differences in the proposed time intervals of An Acad Bras Cienc DIMILA MOTHÉ, LEONARDO S. AVILLA and GISELE R. WINCK molar use according to each author. For instance, Laws (1966) argued that the first molar is lost at about 28 years of age, the second one at about 43, and the third one erupts at about 30. Meanwhile, Laursen and Bekoff (1978) assert that the first molar erupts at about five years of age and remains in use until 25, the second molar appears at about 13 and ends its period of usage at around 35, and the third molar erupts at about 25 and persists until the death of the animal.
The mastodon population of QAA has a profile similar to a declining population (Fig. 5C ), if we compare the percentage of immature and adults. The percentage of subadults of the gomphothere population is similar to the one of an expanding population, but the great presence of mature and senile adults (34.42%) is peculiar to a declining population of extant African elephants (Haynes 1991 , McNeil et al. 2004 , Hildebrandt et al. 2007 , and literature therein). Some authors state that expanding mammal populations have a preponderance of young individuals, while declining populations are mainly comprised of mature to old individuals (Haynes 1991 , McNeil et al. 2004 ). This would be especially reported on larger mammals, with long periods of gestation and parental care, e.g., extant elephants, and gestations of 18 to 22 months (Perry 1953 , Sukumar 2003 apud Hildebrandt et al. 2007 ). However, OwenSmith (2000) presents dissimilar data on several elephant populations from different localities in Africa. The author relates the proportion of adults (> 15 years) ranging between 34-38% in the increasing population of Kruger National Park (South Africa); and over 50% for populations putatively stable (Luangwa in Zambia), or recovering from large-scale drought mortality (Tsavo East National Park in Kenya, in 1974) . Moreover, population densities and classes' age size can be a consequence of the interaction of several factors, such as POPULATION STRUCTURE OF THE BRAZILIAN GOMPHOTHERE 
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DIMILA MOTHÉ, LEONARDO S. AVILLA and GISELE R. WINCK Fig. 5 -Intermediate group of dentary specimens assigned by Simpson and Paula-Couto (1957) and reviewed here by our proposed morphometric index. The specimens with "No access" correspond to those in situ and those housed at the American Museum of Natural History (New York, USA), in situ and at the Universidade Federal de Minas Gerais (Minas Gerais, Brasil). climate, density and availability of prey, presence/absence of competitors and predators, epidemics and population genetic diversity (see Packer et al. 2005 and Prevosti and Vizcaíno 2006) . Therefore, the gomphothere age profile may also be the result of a period of heavy predation on younger individuals. Loveridge et al. (2006) observed that elephant calves are extremely vulnerable to predation by large carnivores, and they are more vulnerable during dry periods, when they may become lost or separated from family groups.
Following data from extant elephant population recorded in Owen-Smith (2000), we cannot discard the possibility that the fossil population was stable or in recovery. In addition, it is possible that the event of gomphothere mass death event corresponds to the beginning of a rainy season. Consequently, it occurred at the beginning of what would have been the reproductive season. This interpretation is in accordance with the ecology and biology of living elephants. Extant African savanna or bush elephants usually associate in a nuclear group An Acad Bras Cienc DIMILA MOTHÉ, LEONARDO S. AVILLA and GISELE R. WINCK (family unit) composed of an adult female with one to three immature offsprings (Owen-Smith 2000), but often two to four females and their youngs are found together in combined family units (from four to 12 animals) (Owen-Smith 2000) . Adult males may be solitary, associated in small all-male groups, or attached to female groups. Despite the reduced number of family units, usually they may be found close to each other (less than one kilometer away) and moving synchronously side by side. Additionally, larger aggregations of elephants (100-1300), including males, have been observed during the wet season, holding together for several weeks at a time (Owen-Smith 2000) . Throughout the dry season, it is mainly the nuclear or small combined family units that can be found (i.e., some mothers and their youngs). In contrast, forest elephants are generally seen in small groups with a maximum of nine individuals (average of 3.4; Owen-Smith 2000). Therefore, the number of mastodon individuals composing the fossil population in this study may indicate that the occupied environment was an open formation (savannah-like), as suggested by other authors (Sánchez et al. 2004 and citations therein), and we submit that the mastodon population was an aggregation of nuclear family units. Ledru (1993) and Ledru et al. (1996) , through palynological analysis, found in a close region to Águas de Araxá (the location of Salitre -19 • S 46 • 46 W, 980 m height), a sequence of different environments for the last 60.000 yr B.P. A cold and arid period was registered until 50.000 yr B.P., followed by a gradual increase in the climatic humidity from 45.000 to 33.000 yr B.P. inferred from the increase in semi-deciduous tree taxa and between 17.000 and 13.000 yr B.P. the development of a transitional forest indicates cold and a two-month dry season conditions. At the end of Pleistocene, the climatic conditions became moister and the forest expanded. However, between 11.000 and 10.000 yr B.P., the forest disappeared, suggesting a return to a cold and dry climate. This succession of vegetations is related to rapid climate changes. Nowadays, the natural vegetation refers to Cerrado (Brazilian-savanna) and the climate is characterized by a four-month dry season and mean winter temperatures above 15 • C, although all these different vegetation types persist in small areas of Salitre.
A catastrophic mass death (Holz and Simões 2002) is defined as a great event of death in which there is no age or gender selection of individuals, such as the mortalities caused by long environmental dry periods or resources scarcity. Thus, we propose that the mastodons of the aggregation here described may have died together during a time of low environmental humidity. Loss of water sources caused by dry climatic conditions would have led to density-dependent deaths as a result of crowding around water sources, as well as overcrowding and overgrazing migration routes. In times of drought, proboscideans suffer mass deaths at water refuges (Haynes 1991) .
The gomphothere remains of QAA also have a similar taphonomic signature, i.e., they underwent the same taphonomic processes (Dominato et al. 2009) . The post mortem history shows a low weathering stage of bones and dental remains (stages 0-1 from Behrensmeyer 1978), which indicates a relative short time on the taphonomically active zone (TAZ) with little or no transport.
Another relevant issue is megamammal extinction in South America. Avilla and Winck (2008) propose a metabolic crisis as the main factor acting in the extinction due to temperature increase (decreasing the capacity of energy absorbance in large mammals) and the dominance of low-nutrition grasses. However, the extinction of the mastodon population from Águas de Araxá seems to be related to a catastrophic regional event, probably related to water (e.g., torrential rain for a very long time, and/or flooding, since the area was considered near a paleo-stream). First, there is no patterned selection of age-class or size -all age groups and a complete size range are represented in this fossil assemblage (Fig. 6) . Also, we have no clear evidence of a declining period prior to the death event. We exclude hunting by humans because this process would probably have been biased towards subadults or smaller adults (Haynes and Klimowicz 2003) . In Clovis mammoth assemblages from North America, the largest assemblage (Lehner, Arizona) shows 61% subadults mammoths, and in Dent (Colorado) about 83% (Saunders 1980) . In the assemblage studied here, about 23% mastodons were subadults (Fig. 6D) . Although gomphotheres appear to have been a human food resource in Colombia, Venezuela and Chile, there is no record of an association with artifacts or human remains in Argentina (Sánchez et al. 2004) and Brazil (C. Cartelle personal communication 2007). Moreover, a detailed analysis of borings and marks on cranial and postcranial bones of the Águas de Araxá assemblage has not identified any human modifications (Dominato et al. 2009 ). Therefore, the hypothesis of catastrophic death, as suggested by Simpson and Paula-Couto (1957) , seems to be very plausible at this time. However, as the collection site is inaccessible, the acquisition of the taphonomic information necessary to elucidate this question is not possible at present.
Classical demographic theory postulates that poliginical species possess female mortality and reproductive rate as the main influences on the population dynamics (Krebs 1985) . Also, some authors suggest a strong density-dependent relationship between female population size and recruitment, compared to total population size (McCullough et al. 1990 , Teer 1984 apud Giles and Findlay 2004 . To further investigate these features, a study on sex identification is under development. Paleoecological modeling seems to be the most productive way to understand the preponderance of adult individuals in this population, and to reliably assess the population health and status (i.e., increasing or stable population).
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CONCLUSION
We consider the morphometric index able to define intermediate age groups, since it produced three recognizable intermediate wear stages. This is a testable methodology and a not subjective one, unlike the efforts of Simpson and Paula-Couto (1957) . In this paper, we have argued the importance of providing a better characterization of the population status (stable or in recovery) when the assemblage was created by a single moment of death and burial event. It seems likely that this group of animals perished in a catastrophic event and we further suggest that this population disappearance is unrelated to the mass extinction of Pleistocene South American megamammals. The age classes pattern suggests a fossil assemblage composed of aggregated family units placed in a savannah-like vegetation during a period of low humidity and resources scarcity. A possibility to infer the environmental features of the assemblage's locality through modeling demographic status of the population has emerged from this study. Further studies on ecological modeling will be conducted to shed more light on the population status based on analogies with extant elephant ecology.
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